The current study presents a quantitative approach towards visually lossless compression ratio (CR) threshold determination of JPEG2000 in digitized mammograms. This is achieved by identifying quantitative image quality metrics that reflect radiologists' visual perception in distinguishing between original and wavelet-compressed mammographic regions of interest containing microcalcification clusters (MCs) and normal parenchyma, originating from 68 images from the Digital Database for Screening Mammography. Specifically, image quality of waveletcompressed mammograms (CRs, 10:1, 25:1, 40:1, 70:1, 100:1) is evaluated quantitatively by means of eight image quality metrics of different computational principles and qualitatively by three radiologists employing a five-point rating scale. The accuracy of the objective metrics is investigated in terms of (1) their correlation (r) with qualitative assessment and (2) ROC analysis (A z index), employing pooled radiologists' rating scores as ground truth. The quantitative metrics mean square error, mean absolute error, peak signal-to-noise ratio, and structural similarity demonstrated strong correlation with pooled radiologists' ratings (r, 0.825, 0.823, −0.825, and −0.826, respectively) and the highest area under ROC curve (A z , 0.922, 0.920, 0.922, and 0.922, respectively). For each quantitative metric, the highest accuracy values of corresponding ROC curves were used to define metric cut-off values. The metrics cut-off values were subsequently used to suggest a visually lossless CR threshold, estimated to be between 25:1 and 40:1 for the dataset analyzed. Results indicate the potential of the quantitative metrics approach in predicting visually lossless CRs in case of MCs in mammography.
Introduction
Breast cancer ranks first with respect to cancer incidence rate and second as a cause of cancer death among women [1] . Mammography is widely recognized as the most sensitive technique for early breast cancer detection [2] . Potential operational efficiencies of mammography, including softcopy display and interpretation, computer-aided detection and diagnosis [3] , image transmission and storage, require a digital format of mammograms. A digital mammogram is obtained by computed radiography or full-field digital mammography (FFDM) systems, while screen-film mammograms can be digitized with dedicated high spatial and contrast resolution scanners. The use of digital mammography is expected to rise in the near future due to the FFDM superiority to the existing screen-film mammography (SFM) with respect to overall image quality [4] . Furthermore, the wider accessibility and effectiveness of picture archiving and communication system (PACS) pushes the transition from film-based analog systems to filmless radiology, as well as towards digitization of existing SFM archives. A typical digitized/digital mammographic image results in electronic image files of up to 90 MB, thus, a complete study of four mammographic views can produce about 360 MB of data. This increases considerably the demands of the existing hospital infrastructure required for image storage, management, transmission, and display. Current PACS implementations offer image compression as a means of reducing image volume and speeding up communication [5] , further allowing for faster telemammography and access to expert radiologists.
Image compression algorithms may be divided in two main categories: reversible and irreversible ones. Reversible (lossless) techniques used in medical imaging result in compression ratio (CR) ranging from 2:1 to 3:1 [6] . To effectively solve image data management problems in PACS or teleradiology systems, larger CRs are required. These CRs are provided by the second category, irreversible compression, also known as "lossy" compression [6] . However, greater compression is obtained at the expense of image quality. In case of image compression in mammography, more conservative requirements are dictated by the need to preserve image quality of microcalcification clusters (MCs) which correspond to high spatial frequency and low contrast information in case of dense parenchyma.
There are two major approaches in determining the optimal CR threshold up to which image quality is preserved: the diagnostically lossless and the visually lossless approach [7] . The diagnostically lossless approach investigates whether diagnostic accuracy is preserved in images compressed at various compression levels. The visually lossless approach investigates whether a compressed image is visually indistinguishable from its original version at various compression levels. The latter approach is based on the idea that, if compression artifacts are imperceptible, they should not affect the diagnosis. The visually lossless approach has been shown to be more robust and conservative than the diagnostically lossless in determining compression for medical images [7] . It is also suggested that the visually lossless approach has to precede the diagnostically lossless one [7, 8] .
In case of mammographic image compression, most studies have focused on the determination of diagnostically lossless CR thresholds [9] [10] [11] [12] [13] [14] , employing mainly observer performance analyses. These studies have aimed at evaluating the quality of digitized and digital compressed mammograms with respect to lesion detection [9] [10] [11] [12] [13] or a lesion diagnosis [14] task. Specifically, Good et al. [9] evaluated observers' ability in detecting breast masses and MCs on lossy Joint Photographic Experts Group (JPEG) compressed mammograms. Results demonstrated that lossy compression with CR up to101:1 did not degrade the detection of masses but affected the detection of MCs for CRs greater than 34:1. Kocsis et al. [10] investigated the effect of JPEG2000 on the detection of MCs in digitized mammograms. A diagnostically lossless threshold of 40:1 for MCs detection was reported. Suryanarayanan et al. [11] evaluated the effect of JPEG2000 compression method on the detection of simulated masses and MCs on digital mammograms compressed at 15:1 and 30:1 CR. The detection of simulated masses was not affected by compression, while the detection of MCs was significantly reduced for CR greater than 15:1. Penedo et al. [12] assessed the effect of two irreversible wavelet-based compression algorithms (a standard JPEG2000 and an object-based set partitioning in hierarchical trees) on the detection of MCs and masses on digitized mammograms. Results suggested that lossy compression of digitized mammograms at 80:1 with both methods considered can be performed without decreasing the rate of detection for either type of lesions. Kallergi et al. [13] evaluated the effect of an adaptive wavelet compression method on the detection of masses and MCs. The original and compressed images were evaluated in an observer study involving three radiologists. It was demonstrated that CRs of 14:1 to 205:1 could be achieved depending on the degree of parenchymal density. Liang et al. [14] investigated whether lossless and lossy (CRs, 20:1 and 40:1) image compression techniques affect the diagnostic accuracy of breast masses on digitized mammograms, suggesting a CR of 40:1.
Fewer studies have focused on the determination of visually lossless CR thresholds in mammography [8, 15, 16] . Kang et al. [8] investigated the acceptable CRs of digital mammograms (40 depicting masses and 40 depicting MCs) using JPEG2000. According to observer evaluation of compressed image quality preservation, CRs up to 60:1 render compressed images visually identical to original images and potentially acceptable for interpretation. Sung et al. [15] employed observer studies to determine visually and diagnostically lossless CR thresholds of JPEG2000 for 20 digitized mammograms (eight normal and 12 depicting masses and MCs). Results suggested a visually lossless compression ratio of 15:1, while 80:1 compression ratio can be achieved without affecting lesion detectability. Koff et al. [16] investigated both visually and diagnostically lossless CR thresholds for JPEG and JPEG2000 compression algorithms for medical images corresponding to seven anatomical areas and five imaging modalities including computed radiography and FFDM images. Results suggested that CRs of 15:1 to 25:1 affected neither the readers' subjective assessment of mammographic image quality nor the detection of breast lesions.
Observer performance analysis and especially receiver operating characteristic (ROC) analysis [17] represent the current widely accepted method for visually or diagnostically lossless compression threshold determination in medical imaging. However, such evaluation approach requires an adequate number of radiologists, for considering inter-and intraobserver variability, while special training for the radiologist to familiarize with the rating system is required. Furthermore, such evaluation approach is time-consuming and cannot be incorporated into automatic compression systems that adjust themselves in real-time, based on the feedback of a compressed output image. These limitations have motivated the investigation of mathematical descriptors of image quality degradation of compressed mammograms.
Quantitative image quality approaches of compressed mammograms have been considered in the framework of evaluating image compression schemes [18] [19] [20] [21] but have not been exploited toward the determination of visually or diagnostically lossless CR thresholds. Sung et al. [15] considered a quantitative approach toward image quality evaluation by means of the peak signal-to-noise ratio (PSNR) metric in addition to observer studies performed for lossy CR threshold determination. Perlmutter et al. [18] employed the signal-to-noise ratio (SNR) metric and observer ratings reflecting mammographic interpretation criteria (related to screening and diagnosis) to assess image quality of lossy compressed mammograms as compared with analog or digital originals. Results demonstrated that digital mammograms compressed in a lossy fashion to 0.015 bits per pixel (bpp), about 80:1 CR, using an embedded wavelet coding scheme result in no significant differences from the analog or digital originals. Zyout et al. [19] employed mean square error (MSE) and PSNR metrics for evaluating a wavelet-based progressive lossy to lossless image compression scheme applied on regions of interest (ROIs) of digitized mammograms containing MCs. Kim et al. [20] exploited objective metrics such as SNR, PSNR, root mean square error, and mean average error (MAE) for evaluating image quality of digital mammograms compressed by JPEG2000 and JPEG, in case of direct and indirect detectors in FFDM. Przelakowski et al. [21] proposed a hybrid image quality measure reflecting diagnostic accuracy, based on a linear combination of image quality metrics. The feasibility of the proposed metric in approximating diagnostic accuracy was tested in a pilot dataset of mammograms compressed with JPEG2000 at four different bpp.
The current study is aimed at a quantitative approach toward visually lossless CR threshold determination of JPEG2000 for digitized mammograms. This is achieved by identifying quantitative image quality metrics that reflect radiologists' ability (visual perception) in distinguishing between original and wavelet-compressed mammographic ROIs. Specifically, image quality of wavelet-compressed mammograms is evaluated by means of image quality metrics of different computational principles. Image quality preservation between the original and compressed versions of mammographic ROIs is also qualitatively assessed by three radiologists employing a five-point rating scale. The accuracy of the objective metrics is investigated in terms of (1) their correlation with qualitative assessment and (2) ROC analysis, employing pooled radiologists' rating scores as ground truth. The most accurate metrics are further exploited to define cut-off values, used to suggest a visually lossless CR range.
Materials and Methods

Dataset
Sixty-eight digitized mammograms (digitization at 12-bit pixel depth, spatial resolution of 50 μm) originating from the Digital Database for Screening Mammography (DDSM) [22, 23] were selected. Thirty-eight images contained MCs (22 malignant and 16 benign), and 30 images were normal. A single view was selected from each case. Mammograms spanned the four types of breast composition, as described in the American College of Radiology BI-RADS lexicon [24] : 14 almost entirely fat; 20 with scattered fibroglandular densities; 20 heterogeneously dense; and 14 extremely dense. The 38 MCs spanned five subtlety levels where level 1 corresponds to "subtle" and level 5 corresponds to "obvious" (level 103 MCs, level 208 MCs, level 3014 MCs, level 4010 MCs, and level 503 MCs), as described in DDSM for each case analyzed. The distribution of MCs with respect to morphology was-seven punctate, 12 amorphous, 16 pleomorphic-granular, and three casting-fine linear branching.
From each mammogram, a 256 × 256-pixel ROI was manually centered at the MC. The size of the ROI was accommodating the size of the MCs encountered in our dataset. In case of normal mammograms, the 256×256-pixel ROI was positioned at the central breast region, immediately behind the nipple [25] .
Compression Algorithm
The JPEG2000 wavelet-based compression algorithm used in this study is included in the public domain evaluation version of the View-Med application (Pegasus Imaging Corporation, Tampa, Florida). The default irreversible transform for image decomposition is implemented by means of the Daubechies nine-tap/seven-tap filter, proposed also by the JPEG2000 standard [26] . The transform coefficients are quantized and entropy coded by means of entropy-logarithmic scale arithmetic coder, which operates in a similar way to embedded zerotree wavelet [27] coder. To avoid artifacts associated with small tile sizes, no tilling was used. Each mammogram of the dataset was compressed to five CRs-10:1, 25:1, 40:1, 70:1, and 100:1, resulting in a total of 340 compressed mammograms. ROIs on compressed mammograms were generated using ROI center coordinates identical to the ones employed for generating ROIs on original mammograms.
Observer Performance Study
Three experienced radiologists participated in this study (two radiologists with 10 years and one radiologist with 5 years of mammographic image interpretation). Each of the 340 compressed ROIs was paired with its original version. The 340 image pairs were randomly presented to each radiologist, who was blinded to the ROIs CR, in a different order for each radiologist. The original version always presented in the same position on the screen monitor. The radiologists were asked to independently evaluate the quality of each compressed ROI with respect to the corresponding original one, employing a five-point rating scale (very good quality: no difference from original one; good quality: no significant difference from original one; intermediate quality: there is perceivable difference but is marginally accepted; poor quality: significant difference from original one-image not acceptable; very poor quality: obvious difference-not accepted). One single rating score was assigned to each compressed ROI considering the number and morphology (contrast and shape) of MCs within the cluster, as well as the mammographic parenchyma texture.
During reading, the room illumination was diminished (ambient light, <10 lux) and kept constant, whereas observer-monitor distance was not restricted. Mammographic ROIs were reviewed on a DICOM Part 14 GSDF calibrated EIZO ColorEdge CG210 display monitor using a mammographic image visualization software tool [28] . The observers were allowed to use only gray-scale window-level functions and magnification to compensate for display monitor spatial and contrast resolution limitations.
Each radiologist evaluated the 340 mammographic ROIs pairs in four sessions, interpreting 85 mammographic ROIs pairs in each session. To investigate inter-observer and intraobserver agreement in the task of image quality evaluation of compressed ROIs with respect to corresponding original ones, each reading session (observation) was repeated after a time interval of 4 weeks.
Quantitative Image Quality Evaluation
In the framework of image quality evaluation of generalpurpose compressed images, several categories of metrics including pixel difference, correlation-based, edge-based, spectral distance-based, context-based, and metrics simulating the human visual system have been proposed [29] . In case of mammographic image compression, metrics such as: SNR, PSNR, MAE, and MSE have been previously exploited [15, [18] [19] [20] , while a linear combination of metrics has been proposed and correlated to diagnostically related image quality [21] .
In this study, the following metric categories are considered:
I. Pixel difference metrics [20, 30, 31] for calculating the distortion between the compressed and the original image in a pixel-wise basis: MSE, MAE, normalized absolute error (NAE), SNR, and PSNR. II.Correlation-based metrics for quantifying the similarity between two digital images in terms of the correlation function [30] : structural content (SC) and normalized cross-correlation (NK).
III. The recently proposed structural similarity (SSIM) index [32] for quantifying structural changes, i.e., strong dependencies of spatially proximate pixels, caused by various types of distortions.
In the current analysis, a digital image (i.e., the mammographic ROI) is denoted as an MxN matrix, where M denotes number of columns and N number of rows; f(i, j) and f′(i, j) denote pixel values of the original image before the compression and of the degraded image after the compression, respectively.
The metrics considered in the current study are given by the following equations:
1. MSE MSE [31] represents the power of noise. Increasing values of the MSE reflects degradation of image quality.
MAE
The higher the value of MAE [20] , the higher the degradation of image quality is.
3. NAE NAE [30] is a measure of the difference of the compressed image from original one. A zero value of NAE indicates no difference from original one, while a large value of NAE reflects poor compressed image quality.
4. SNR SNR [18, 20] is defined as the power ratio between a signal (meaningful information) and background noise (unwanted signal). Because many signals have a very wide dynamic range, it is often expressed using the logarithmic decibel scale. 
5. PSNR PSNR [31] has been the most widely used index of image distortion due to its computational simplicity. 
6. SC Correlation is a familiar concept in image processing, estimating the similarity of the structure of two signals. The SC measure [30] effectively compares the total weight of an original signal to a compressed one.
NK
The closeness between two digital images can also be quantified in terms of correlation function. NK [30] tends to 1, as the difference between two images tends to zero.
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8. SSIM SSIM [32] is an implementation of the idea of structural image similarity, which takes into account image contrast (expressed by standard deviation), image luminance (expressed by mean image intensity), and image structure to determine the similarity between two images. SSIM is defined as follows:
where x and y are subimages (windows) of the original image X and the compressed image Y, of the same size, which moves pixel by pixel over the entire image. N is the total number of pixels in each window, μ x is the average of x; μ y is the average of y; σ x is the standard deviation of x; σ y is the standard deviation of y. C 1 0 
L is equal to the dynamic range of the pixel values of the image (4,095 in case of 12-bit grayscale image), and K 1 and K 2 are set to 0.01 and 0.03 default values. Finally, the mean SSIM is computed for the entire image by the average value of SSIM for all local windows. A value of mean SSIM of 1 indicates perfect similarity [32] .
Statistical Analysis
For the 340 compressed mammographic ROIs, the Spearman rank-order correlation coefficient (r) was calculated between each radiologist rating scores and each one of the quantitative metrics considered, as well as between the pooled radiologists' rating scores (estimated by the median of the three radiologists' ratings for each mammographic ROI), considered as ground truth and each one of the quantitative metrics considered. The accuracy of the quantitative metrics (i.e., ability to reflect radiologists' visual perception) was also assessed by means of ROC analysis considering the pooled radiologists' rating scores as ground truth. A high area under ROC curve (A z index) suggests a highly accurate metric, thus a metric that could reflect radiologists' ability (visual perception) in distinguishing between original and compressed mammographic ROIs. A statistical software package (NCSS Statistical Software 2007, Kaysville, Utah) was employed for generation of ROC curves and comparison of A z values of the quantitative metrics. Specifically, a z-score test was employed to test statistically significant differences among A z values of the compared metrics. A Bonferroni correction for multiple comparisons (i.e., all possible pairwise comparisons of eight metrics result in 28 comparisons in total) was considered to adjust the level of significance (α0 0.05/2800.0018).
The most accurate metrics were then employed to define a visually lossless CR threshold, i.e., a CR threshold above which the quality of compressed mammograms is significantly degraded as compared with the corresponding original ones. ROC curves of the most accurate metrics were used to identify metrics cut-off values corresponding to the highest accuracy value. The metrics cut-off values were then employed to suggest a visually lossless CR range, assuming each metric as a monotonically increasing or decreasing function of CR. Inter-and intra-observer agreement in the task of image quality evaluation of compressed ROIs with respect to corresponding original ones was evaluated by means of Kappa statistics [33] which determines the agreement beyond that which would be expected due to chance. In order to estimate the inter-observer agreement, the comparison was performed among the three radiologists' ratings scores derived by the first reading. In order to estimate the intraobserver agreement, the kappa statistic was determined for each radiologist by comparing the rating scores derived by the first reading with corresponding ones derived by the second reading. The interpretation of the kappa values was performed as follows: a value greater than 0.8 to be considered "almost perfect," 0.6-0.8 as "substantial," 0.4-0.6 as "moderate," 0.2-0.4 as "fair," and 0−0.2 as "slight."
The IBM SPSS Statistics software package (SPSS Release 20.0, SPSS Inc., Chicago, IL, USA) was employed to estimate Spearman rank-order correlation and Kappa statistic values. (Fig. 1a) , a benign MC cluster (Fig. 2a) , and normal mammographic parenchyma (Fig. 3a) , along with compressed ROIs at the following CRs-10:1 (b), 25:1 (c); 40:1 (d); 70:1 (e); and 100:1 (f). As observed, image quality is decreased with CR increase and is significantly degraded for CRs 70:1 and 100:1. Table 1 provides average ± standard deviation (SD) values of radiologists' rating scores reflecting image quality of compressed mammographic ROIs (at CRs of 10:1, 25:1, 40:1, 70:1, and 100:1) with respect to the corresponding original ones, derived by the first reading. The distribution of the pooled radiologists' rating scores with respect to CR values is illustrated in Fig. 4 .
Results
Figures 1, 2, and 3 illustrate mammographic ROIs depicting a malignant MC cluster
Results of the intra-and inter-observer agreement analyses are provided in terms of kappa statistic values in Table 2 . Specifically, the intra-observer agreement for evaluating image quality of compressed mammographic ROIs with respect to original versions was substantial, while interobserver agreement ranged from moderate to substantial, reflecting the reliability of the observer performance study. decrease as CR increases, while the MSE, MAE, NAE, and SC metrics demonstrate the highest average values for CR 100:1. Table 4 provides results of the correlation analysis between the radiologists' rating scores derived by the first reading and each quantitative image quality metric studied. Spearman rank-order correlation coefficient values and corresponding p values are provided independently for each radiologist, as well as for the pooled radiologists' rating scores referred as ground truth.
The MSE and MAE metrics demonstrate strong positive correlation (r>0.7, p<0.0001) with each radiologist image quality assessment of compressed ROIs, as well as with the pooled radiologists' rating scores (ground truth). The PSNR and SSIM metrics demonstrate strong negative correlation (r<−0.7, p<0.0001) both for each radiologist ratings independently, as well as for the pooled radiologists' rating scores. The NK metric demonstrates moderate to strong negative correlation (r< −0.6, p<0.0001) for each radiologists' ratings independently and strong negative correlation (r0 −0.734, p<0.0001) for the pooled radiologists' rating scores. The remaining metrics demonstrate moderate correlation with radiologists' qualitative assessment.
Results of ROC analysis are summarized in Table 5 , in terms A z ±standard error (SE) values and corresponding lower and upper 95 % asymmetric confidence interval values, for each quantitative image quality metric studied. The MSE, MAE, PSNR, and SSIM metrics demonstrated the highest A z values among the quantitative metrics studied, without presenting statistically significant differences in performance among them (p>0.0018). Furthermore, the performance of the aforementioned metrics is, statistically, significantly higher (p<0.0018) as compared with the performance of the remaining metrics considered.
The metrics demonstrating the highest A z index (i.e., MSE, MAE, PSNR, and SSIM) were subsequently used for CR threshold determination. Table 6 summarizes the cut-off values of these metrics along with corresponding accuracy, sensitivity, and specificity values as derived by each metric ROC curve. Each metric's cut-off value is indicated by a solid line on the graphs illustrating the correlation between the most accurate metrics and pooled radiologists' rating scores (Fig. 5) .
Employing these cut-off values and considering the differentiation of each metric range values with respect to CR (Table 3) , a visually lossless CR threshold range of 25:1 up to 40:1 is suggested, with 25:1 being a safe (a more conservative) CR threshold above which the quality of compressed mammograms is significantly degraded. Specifically, we observe that the cut-off value 407.8 of the MSE metric is greater than MSE range values for CR 10:1 and 25:1, while it belongs to the corresponding MSE range values of the 40:1, 70:1, and 100:1 CRs. Consequently, the suggested visually lossless CR ranges between 25:1 and 40:1. Likewise, the cut- 
Discussion
Previously reported literature on image quality evaluation of compressed mammograms has focused on the determination of diagnostically lossless CR thresholds [9] [10] [11] [12] [13] [14] and less on the visually lossless approach [8, 15, 16] , with both approaches employing observer performance analysis methods. The quantitative image quality approach of compressed mammograms has been considered as an additional option to observer performance analysis [15, 18] , as well as in the framework of evaluating image compression schemes utilizing mammographic images [19] [20] [21] , phantom images [34] , and computer-generated test objects images [10] . However, the quantitative image quality approach has not been exploited towards the determination of visually or diagnostically lossless CR thresholds in mammography. The current study attempts to identify quantitative metrics that could reflect radiologists' ability (visual perception) in distinguishing between original and wavelet-compressed mammographic ROIs. This is a quantitative approach towards visually lossless threshold estimation of a JPEG2000 compression algorithm, a task that should precede the analysis for a diagnostically lossless threshold determination [7, 8] . For the purpose of this study, eight quantitative metrics of different computational principles have been investigated in an image quality preservation task of JPEG2000 compressed mammograms depicting MCs or normal parenchyma. An observer study was performed to qualitatively assess image quality of compressed mammographic ROIs as compared with originals ones, by means of five-point ratings assigned by three independent radiologists. The accuracy of the objective metrics was evaluated by investigating their correlation with qualitative image quality assessment and by means of ROC analysis, considering pooled radiologists' rating scores as ground truth. The most accurate metrics were further exploited to define cut-off values used to suggest visually lossless CR. To the best of the authors' knowledge, the analysis of identifying quantitative metrics that can reflect radiologists' ability in distinguishing between original and compressed medical images has not been previously investigated in case of CR threshold determination in mammography [35, 36] .
Results of the observer study suggested that a CR ranging from 25:1 to 40:1 may be achieved without introducing visually perceived image quality degradation as compared with corresponding original ones. While a direct comparison to previously reported qualitative visually lossless CR threshold determination studies is not feasible, due to heterogeneity of the datasets employed, the CR suggested herein ranges within previously reported CR values (15:1 up to 60:1) [8, 15, 16] , depending on image type (digitized or digital) and on lesion type (e.g., masses, MCs). Results of the current study are also in accordance to Kocsis et al. [10] , who investigated a diagnostically lossless CR threshold for the same compression algorithm in terms of detection accuracy of MC clusters and suggested a CR threshold of 40:1 for a dataset of 68 mammograms, identical to the one analyzed in the current study. The visually lossless CR threshold range of 25:1 to 40:1 suggested herein is more conservative as compared with the previously reported diagnostically lossless one for the same compression algorithm tested on the same dataset, as expected [7, 8] .
Correlation analysis between quantitative image quality metrics and pooled radiologists' rating scores, as well as results of ROC analysis, demonstrated that MSE, MAE, PSNR, and SSIM outperformed the rest of the image quality metrics tested, implying that they can successfully reflect observer's confidence in evaluating the distinguishability of compressed mammograms from corresponding original ones and have the potential to be incorporated in an automatic adaptive compression system. MSE and PSNR metrics, accounting for two equivalent measures, are the most commonly adopted in quantitative mammographic image quality evaluation studies [15, 19, 20] , while their incorporation into medical image compression evaluation has been recently highlighted [7] . The use of the recently proposed SSIM metric [32] as a new measure that quantifies structural changes caused by various types of distortions is also suggested in image compression evaluation schemes further being more consistent with the performance of the human visual system [7] .
Cut-off values of the most accurate metrics (i.e., MSE, MAE, PSNR, and SSIM) were selected by means of the highest accuracy values of corresponding ROC curves. These cut-off values were then employed to suggest a visually lossless CR range, taking into account the metrics differentiation as a function of CR. As expected, all four quantitative metrics have suggested a visually lossless CR ranging from 25:1 to 40:1. These metrics cut-off values may be used as an alternative to CR thresholds to indicate acceptable image quality of JPEG2000 compressed mammograms, in case of MCs. In addition, these metrics may be exploited toward image compression algorithms performance inter-comparison studies. The dataset analyzed in the current study originated from 68 mammographic images compressed at five CRs. An augmented dataset should be considered including additional lesion types (masses of varying margin types, architectural distortions, as well as additional microcalcification morphology types). The effect of image compression on image quality of the entire mammogram is also worthwhile being investigated. The dataset should also be augmented with respect to image type also considering image data originating from different digital mammographic image acquisition systems (both FFDM and computed radiography ones). Furthermore, more refined sampling of CRs should be considered, especially within the suggested visually lossless CR range (25:1 up to 40:1) of the current study.
Additional compression algorithms should be considered in future efforts, especially those focusing on preserving the high-frequency components of the mammographic image [37] . Furthermore, metrics of different computational principles, such as edge-based-measures, spectral distance-based measures, and metrics simulating human visual system [29] should also be tested. Finally, future efforts will focus on investigating the effect of image compression on the performance of computer-aided detection [38] and diagnosis schemes, accounting for an indirect approach towards quantitative image quality evaluation of compressed mammograms, currently being under-researched.
Conclusions
The current study presents a quantitative approach towards determination of a visually lossless CR threshold for digitized mammograms. This was achieved by identifying quantitative image quality metrics that can adequately reflect observers' visual perception of distinguishability/indistinguishability between original and JPEG2000 compressed mammographic ROIs containing microcalcification clusters. Among the quantitative metrics considered, MSE, MAE, PSNR, and SSIM demonstrated the highest performance, in terms of correlation and ROC analyses, in reflecting radiologists' visual perception. The current study suggested specific cut-off values of these metrics capable of defining a visually lossless CR threshold, estimated to be between 25:1 and 40:1 in case of microcalcification clusters in JPEG200 compressed digitized mammograms. Results of this study indicate the potential of the quantitative image quality evaluation approach as a method for visually lossless CR threshold determination. 
